Abstract. We report experimental measurements on the rheology of a dry granular material under a weak level of vibration generated by sound injection. First, we measure the drag force exerted on a wire moving in the bulk. We show that when the driving vibration energy is increased, the effective rheology changes drastically: going from a non-linear dynamical friction behavior -weakly increasing with the velocity-up to a linear force-velocity regime. We present a simple heuristic model to account for the vanishing of the stress dynamical threshold at a finite vibration intensity and the onset of a linear force-velocity behavior. Second, we measure the drag force on spherical intruders when the dragging velocity, the vibration energy, and the diameters are varied. We evidence a so-called "geometrical hardening" effect for smaller size intruders and a logarithmic hardening effect for the velocity dependence. We show that this last effect is only weakly dependent on the vibration intensity.
Introduction
A wide class of materials a priori as different as colloidal suspensions, pastes, emulsions, foams or granular materials, show very similar behavior in the vicinity of the jamming transition [1] . In all these systems one may observe close to yield many common features such as aging, memory effect or in the fluid phase similar apparent rheology. Recently several propositions have emerged with the aim of describing in a general and unified way this phenomenology (see for example [3, 4] and refs. inside). For granular matter under shear, the rheology in the dense phase is essentially characterized by a friction coefficient, i.e. a threshold model whose dependence with the shearing rate has been studied extensively [2] . However, in the presence of vibrations much less is known and it is often assumed that the mean kinetic energy should play a role similar to the thermodynamic temperature as for molecular systems. This is essentially the case for granular gases where this analogy can be carried very far. However, this simple vision is currently challenged for dense granular matter. First, for dense granular packing under moderate shearing rates, the velocity fluctuations were shown experimentally and numerically to play a marginal role in the rheology [2] . Second, in the vicinity of the jamming transition as for many other glassy out-of equilibrium phases, novel relations between fluctuation and dissipation were postulated to account for the specific modes of relaxation [5] . Many theoretical works suggested to replace the notion of thermal temperature by the more general concept of "effective temperature(s)" describing the structural evolution between blocked configurations (for a recent review see ref. [6] and refs. inside). For vibrated granular matter, several attempts were made to identify such relations in numerical simulations [7] . But experimentally, for many practical and possibly fundamental reasons, they essentially failed [8, 9] due to the difficultly to probe fluctuations apart from energy input. The issue of approaching jamming can be viewed either from the solid elastic properties (numerically see [12] and experimentally see [13,14]) or from the fluid regime [10, 11] ; but so far, no consensus has been reached on the fundamental constitutive properties and the rheological behavior of a granular packing under vibration.
In this report, we access the effective rheology of a weakly vibrated granular packing under a constant confining pressure by measuring the force needed to drag a wire in the bulk at a constant velocity. We observe and characterize the different mobility regimes. To rationalize this situation we propose a simple model that reproduces some of the features observed experimentally. In a second series of experiments, we measure the dragging force when the intruder is a bead attached to the wire and we estimate the dragging contribution induced by the presence of the spherical intruder when we vary the diameter and the level of vibration. Note that in the absence of vibration, similar intruder mobility experiments have been carried either in 3D [8, 16] or in a 2D granular packing [17] .
Experimental setup
The rheomeric device that we use here to explore the effective material rheology is sketched on fig.1 . It consists of a glass container closed at its bottom by seven piezoelectric transducers that allow to input in a controlled way, a weak level of vibration in the granular packing. It has been shown by Caballero et al. [15] that even a weak level of vibrations may create significant constitutive modifications in the packing: this is the sono-fluidization effect.
The container horizontal section is a rectangle of length L = 19.00(±0.05)cm and width W = 2.30(±0.05)cm.
It is filled with a bidisperse mixture of glass beads of The pressure applied by the lid corresponds to 5 granular layers: P 0 = 5ρgd = 150 P a.
This weak energy input in the granular material does not induce any motion that can be perceived by eye on our current time scale, even if the accelerometer shows that the system is being agitated. However, if we follow for a very long time scale the particle motion, we indeed observe substantial reorganization in the granular matrix [18] . Note importantly, that we have followed during 10 days, at maximal input energy, a horizontal line of colored beads and we did not evidence any convection motion in the bulk.
The wire is set in tension by two masses
The masses values are chosen such that the mass difference will always exceed the dragging force. Therefore, the mass M 2 is always in contact with the force probe placed just below. The force probe which is a spring of stiffness k = 10 5 N/m, is fixed to a vertical translation stage driven downwards at a constant speed, V , by a brushless motor.
We use two different types of intruders which are dragged horizontally and at a constant depth h below the surface. A typical force signal is presented in inset of figure (1) .
Note that at the beginning of the pulling we observe an overshoot of the resisting force, but after few millimeters of displacement a steady-state is reached.
Drag force on the wire
In a first series of experiments the effective rheology of the packing is probed by monitoring the drag force on a metallic wire. The wire is placed at a height h = 1.3cm below the surface. The average force necessary to drag the wire < F t >, is rescaled by the wire outer surface (S t = 6 10 −5 m 2 ) in order to obtain an average friction stress : σ t =< F t > /S t . Then, the average friction stress is rescaled by the confining pressure P (h) = P 0 + φρ s gh to form an effective friction coefficient: However, in this last case, we could not identify clearly the existence of a dynamical friction threshold as a well defined plateau.
The inertial number being quite weak as noticed before, the hardening effect observed here cannot be attributed to a shear induced hardening (at least in the usual sense as described in [2] ). It is possible that the weak increase of friction with velocity comes from an intrinsic solid on solid friction property at the level of the granular contacts. Note that such a behavior was evidenced for granular packing undergoing very slow shear against a wall [26] .
A drag force model
Here we present a simple heuristic model suited to rationalize the passage from a threshold rheology of the Coulomb type, to a linear force-velocity relation. The model shows explicitly that in the framework of solid friction coupled with elasticity, one can perfectly understand this change of rheology and the disappearance of a Coulomb threshold due to external vibration. Note that many sophisticated variants of such an heuristic spring/friction model exist in the literature, essentially to account for the complex stick-slip dynamics of earth-quakes [19] , or to explain granular rheology fluctuations [17] . Under external forcing, similar models were proposed in the engineering context to render the fatigue of structures [21, 22] .
In the presence of shearing vibration, the solid/solid friction of a block on an inclined plane was investigated via a spring/friction model with memory [20] but the emphasis was rather on the stick-slip transition and the influence of mechanical vibrations on thermal aging. Note that it could be interesting in a future work, to bridge all these approaches and extend the present model to account for granular reorganization as well as contact thermal aging.
A similar model was presented recently to account for the is the non dimensional velocity of the block. In this case, the equation of motion is :
as long as F < 1, with the forces F and F d rescaled by
When F = 1 there is a relative sliding velocity between the spring and the block. In this case the spring equation of motion is:
with F d the external driving force, and
Note that for simplicity, we do not include here any internal dissipation mechanism that would damp the elastic resonance.
For large vibrations, F << F d , the block and the spring always slide on each other (no sticking). In this case, equation (2) reduces to the equation of a harmonic oscillator driven by the external force F d . It can then be easily solved. The velocity is then :
and the the r.m.s. spring velocity is :
Considering that the block is moving at constant velocity V , one can derive from equations (3) and (4) the low velocity limiting value, V → 0, of the average friction force, characterized by an effective friction coefficient:
which in terms of V s , eq. 5, can be written as
Equation (7) states that under strong external vibration and a very low velocity driving of the block, the effective friction force that resists to motion increases linearly with the driving velocity. In this limit, the only important parameter that characterizes vibration is the r.m.s. (7)) was verified explicitly by comparison with the numerical solution. Another interesting feature is that this model displays a transition between a threshold rheology at low vibrational driving, to a linear force/velocity rheology at higher vibration amplitudes. In the specific context of this model, the effective friction threshold to trigger relative sliding can be written : we observe experimentally (see fig. 2 ).
Drag force on an intruding bead
In this second series of experiments, we measure the drag force exerted on an spherical intruder of diameter larger than the grains. An essential difference with the previous experiment is that now, the intruder motion induces a back flow and thus, granular reorganizations in the bulk.
Pulling a spherical intruder at a constant velocity in the bulk of a granular packing presents many practical difficulties. Here, we try to override this problem by considering the resisting force on an intruder with a bead attached to the metallic wire. The wire (with the bead attached) is put originally at an horizontal position h = 1.3 cm below the surface and the resisting force on the system is measured.
To extract the contribution of the bead F b , we also measure the drag force on the wire only in an independent experiment at the same velocity and remove the corresponding mean resisting force from the drag force on the wire+bead intruder. Then, to obtain an effective friction coefficient that characterizes the bead-only contribution, We noticed that before reaching a steady state, typically by pulling the intruder over a distance corresponding to a mean grain size d (this, almost independently of the intruder size), we go through a phase where an overshoot of the dragging force is systematically evidenced.
Also, similarly to the wire only case, the rheology is of the hardening type and the higher is the vibration, the lower is the resistance to pulling.
In the absence of vibration we apparently reach, at low driving velocities, a threshold value smaller than its limiting value at higher velocities. Note that in previous dragging experiments performed in 2D, Geng et al. [17] observe a very similar phenomenology. We estimate in this last case, the typical dragging velocities as being around 10 −4 m/s. The confining pressure being of the order of the drag force in their experiment, they had an effective inertial number around 10 −4 , which yields working conditions and a phenomenology consistent with the present report.
But either in their case or in ours, the reason for hardening effect observed at such low velocities is unclear. We cannot dismiss, as in the case of the wire only, the existence of an intrinsic contribution coming from aging of granular contacts. However, note that in previous numerical works [23, 24] , it has been shown that material softness could also play a role as it leads to a hardening regime decoupled from the shear hardening regime for hard spheres. For the 3D dragging experiment of a rod by Albert et al. [16] , no hardening effect was evidenced but the dragging velocities were essentially higher than our operating conditions.
Interestingly and contrarily to the wire-only case, when the vibration is activated up to its maximal available value,
we never could evidence a linear force-velocity regime, and this for any of the intruders we tested. We found essen- Albert et al. [16] , we indeed observe for the drag force on the cylinder, a crossover between a linear behavior (here corresponding to a constant effective friction) at large intruder sizes, and a plateau corresponding to the "hardening" effect for smaller grain sizes. However, this effect is not present in the data of Geng et al. [17] .
Note Finally, we estimate the dependence of the logarithmic hardening effect with the vibration energy. We seek to estimate the logarithmic slope of the effective rheology :
In the context of solid on solid friction, this is a parameter quite sensitive to temperature which value increases significantly in the vicinity of the glassy transition [25] . Note that the whole protocol to determine a full rheological curve as in fig. 3 , is quite cumbersome and lengthy. It took typically three months worth work.
This explains why these results may look fragmented as we have not performed yet extensive and systematic measurements for a large range of driving velocities and vibration intensities. We rather choose to estimate the value of β and the impact of vibration on its value. We actually per- 
